Urokinase plasminogen activator receptor (uPAR) plays a major role in cancer invasion and metastasis and uPAR expression is correlated with a poor prognosis in various cancer types. Moreover, the expression of uPAR is increased under hypoxic conditions. Nitric oxide (NO) and its metabolites produced by inducible nitric oxide synthase (iNOS) are important products of hypoxic stress, and NO may activate or modulate extracellular signal regulated kinase (ERK). Here, we evaluated uPA, uPAR, and activated ERK levels under hypoxic conditions, and the modulatory effects of iNOS and NO in the MDA-MB-231 human breast cancer cell line. Cells were incubated in a hypoxic or normoxic incubator and treated with PD98059 (a MEK 1/2 inhibitor, which abrogates ERK phosphorylation) and aminoguanidine (a selective iNOS inhibitor). uPAR expression, ERK phosphorylation, and uPA activity were found to be increased under hypoxic conditions. Moreover, when cells were treated with PD98059 under hypoxic conditions, uPAR was downregulated, whereas aminoguanidine markedly increased ERK phosphorylation in a dose dependent manner. Furthermore, aminoguanidine increased uPAR expression and prevented the inhibition of uPAR expression by PD98059. These results demonstrated that uPAR is induced by hypoxia and that increased uPAR expression is mediated by ERK phosphorylation, which in turn is modulated by iNOS/NO in MDA-MB-231 cells. We conclude that iNOS/NO downregulates the expression of uPAR under hypoxic conditions via ERK pathway modulation.
Introduction
Hypoxic stress underlies a number of important biological processes, such as, cellular migration and invasion, and tumor growth [1] [2] [3] [4] . For example, hypoxia within an expanding tumor leads to the release of vascular endothelial growth factor (VEGF) and the stimulation of angiogenesis, the success of which depends on endothelial cell migration and invasion [5, 6] . Hypoxia may promote cancer metastasis, which has been demonstrated in experimental tumor models [7] [8] [9] . However, the detailed mechanism by which hypoxia provokes cancer invasion and metastasis has not been fully elucidated.
Some tumor cell lines have been shown to up-regulate plasminogen activator inhibitor I (PAI-I) and uPAR when cells are exposed to hypoxia in vitro [2-4, 7, 10, 11] . The uPAR gene promoter possesses HIF-1α binding sites, and uPAR expression depends on iNOS modulated p-ERK in MDA-MB-231 cells 76 npg has been shown to be activated by HIF-1α under hypoxic stress in human trophoblasts and in human umbilical vein endothelial cells [2] . In the normoxic state, uPA signaling through uPAR was observed to maintain an elevated basal level of activated ERK and to inhibit apoptosis in breast cancer cell lines [12] . Moreover, hypoxia induced the up-regulation of uPAR in a human prostate cancer cell line via ERK and p38 kinase signaling pathways [11] . The plasminogen activation system, leads to the formation of serine proteinase plasmin, and has been shown to play an important role in metastasis [7, 13, 14] . This activation system contains tissue plasminogen activator (tPA), uPA, PAI-1, PAI-2 and uPAR, and uPA is known to localize at the surface of tumor cells by binding to a specific receptor uPAR [15] . The uPAR/uPA complex is focused on the formation of plasmin and hence influences proteolytic activity in the vicinity of tumor cells. Plasmin facilitates tumor cell migration, invasion, and metastasis by degrading fibrin and other matrix proteins directly, and by activating several metalloproteinases that also degrade the extracellular matrix [16] .
Nitric oxide (NO) and its metabolites, which are produced by nitric oxide synthases (NOSs), are important products of hypoxic stress [17] [18] [19] . And, human breast carcinoma cells and mouse mammary tumor cell lines produce NO in amounts correlated with tumor grade and metastasis [20] [21] [22] . Moreover, breast cancer patients with an iNOS positive tumor have a poorer outcome than those with an iNOS negative tumor [23] . The mechanisms by which NO may enhance mammary tumor development and metastases include increasing DNA damage and tumor cells migration, and promoting angiogenesis [21, 24] . NO may activate or modulate MAPK/ERK, G-proteins, the Ras pathway and PI3K signaling [21, 24, 25] . However, the molecular interactions between iNOS/NO, ERK, and uPAR in hypoxic states have not been elucidated. In this study, we examined uPAR expression and ERK activation in human MDA-MB-231 breast cancer cells under hypoxic conditions and investigated the roles of ERK, iNOS/NO as upstream regulators of uPAR.
Material and methods

Cell lines and hypoxic culture conditions
The human metastatic breast carcinoma cell line, MDA-MB-231 was used throughout this study. Cells were purchased from KCLB (the Korean Cell Line Bank, Seoul) and cultured in RPMI 1640 medium supplemented with 10 % fetal bovine serum (FBS), 100 units/ml penicillin and 100 µg/ml streptomycin in a humidified atmosphere of 5% CO 2 and 95% air at 37 o C. All cells were used at 80% confluence. For cell culture under 1% O 2 tension the cells were incubated for 2 h to 48 h in a humidified atmosphere at 37 o C in a multi-gas CO 2 Gel zymography and uPA activity uPA enzyme activity in culture media was measured by gel zymography. 1×10 6 cells were seeded in 10 cm 2 dishes and when sub-confluent, media were changed to serum free media to exclude the influence of serum factors. After a 3h equilibration period, the cells were incubated in the hypoxic incubator. Media were collected and concentrated with a serum concentrating kit after 4h, 8h, and 12h of hypoxia treatment. A sample volume containing 30µg of protein was mixed with SDS sample buffer and loaded into an SDS/polyacrylamide gel containing 2mg/ml a-casein and 0.025 units/ml of plasminogen (Sigma, St. Louis, MO). Following electrophoresis, gels were washed twice for 10min with 2.5% Triton X-100 (Sigma, St. Louis, MO) in water, rinsed briefly with water, and incubated overnight in a solution of 50mM TRIS and 5mM CaCl 2 . The gels were then stained with 0.4% Coomassie brilliant blue R-250 in 10% acetic acid/40% methanol, destained in 10% acetic acid/40% methanol, and dried between sheets of cellophane on a gel dryer (Vision, Bucheon, Korea).
Western blot analysis for uPAR, ERK, HIF-1α expression
Cells were washed in PBS, detached using Trypsin-EDTA buffer, and stored at -70 o C. Protein was extracted with RIPA buffer (1% NP-40/Ig PAL, 0.5% sodium deoxycholate, 0.1% SDS) and protease inhibitors (aprotinin, leupeptin, PMSF, benzamidine, trypsin inhibitor, sodium orthovanadate). Total protein was analyzed quantitatively using a spectrophotometer at 595 nm. 30 µg of proteins were then separated by SDS-PAGE and transferred to polyvinylidene fluoride membranes. Membranes were incubated with anti-uPAR goat polyclonal antibody, and phosphorylated ERK (p-ERK) polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA), and bound antibody was detected by biotin-streptavidin alkaline phosphatase staining followed by ECL (Amersham, Piscataway, NJ). After 3 min to 30 min, films were developed and analyzed. Blots were probed with anti-β-actin mouse monoclonal antibody (Sigma Chemical Co., St. Louis, MO) as a loading control. Protein molecular weights were estimated using prestained standards, according the manufacturer's instructions.
Drug treatments
To evaluate the contributions of the ERK pathway and NO signaling, we used an MEK 1/2 inhibitor (PD 98059, Sigma, St. Louis, MO), which abrogates ERK phosphorylation, and a selective iNOS inhibitor (aminoguanidine). All drugs were purchased from Sigma (St. Louis, MO)
Results
Hypoxia induced uPAR expression in MDA-MB-231 cells via ERK signaling
To determine the time course of uPAR expression and ERK activation in MDA-MB-231 cells under hypoxic conditions, cells were cultured in the 1% O 2 atmosphere for various times. As expected, the induction of uPAR protein was detected as early as 4 h after exposure to hypoxia and
npg remained elevated for 24 h (Figure 1 ). In two other time course experiments, we found that the maximal level of uPAR induction was sustained for 48 h (data not shown). To determine whether hypoxia induces ERK phosphorylation in MDA MB 231 cells, we examined ERK phosphorylation at various times following exposure to 1% hypoxia. As was observed for uPAR, phosphorylated ERK levels were elevated under hypoxic conditions ( Figure 1B ). The induction of uPA activity began at 4 h after exposure to 1% hypoxia and remained until 12 h in MDA-MB-231 cells by gel zymography, though the degree of induction was modest ( Figure 1C ). Taken together, both p-ERK and uPA/uPAR signals were induced following the exposure of MDA-MB-231 human breast cancer cells to 1% hypoxia. In human epidermoid carcinoma cell lines and human colon carcinoma cell lines, agents that regulate ERK activation were also found to regulate the expressions of uPA and uPAR [26, 27] . The ERK pathway is activated after exposure to hypoxia [28, 29] , and thus, ERK activation may affect cell invasion and metastasis indirectly by affecting the expressions of uPA and uPAR. To determine whether uPAR expression is dependent on ERK phosphorylation in hypoxic conditions, MDA-MB-231 cells were treated with the MEK1/2 inhibitor PD98059 under 1% hypoxia, and it was found that uPAR expression was markedly decreased ( Figure 2B ). These data provide evidence that uPAR expression in MDA-MB-231 cells under hypoxic conditions depends on the activation of ERK.
The selective iNOS inhibitor, aminoguanidine, increased uPAR expression by modulating the ERK pathway
To test whether iNOS/NO modulates ERK phosphorylation in MDA-MB-231 cells under hypoxic conditions, cultures were treated with aminoguanidine under 1% hypoxic conditions for 4 h. As shown Figure 2A , aminoguanidine induced ERK phosphorylation in a dose dependent manner in MDA-MB-231 cells. We hypothesized that inhibiting iNOS would upregulate hypoxia-induced uPAR expression via the ERK pathway. As was expected, aminoguanidine prevented the inhibition of uPAR by PD98059 (3 rd lane) and increased uPAR expression (4 th lane). Taken together these results suggest that NO decreases uPAR expression by inhibiting ERK dependent and independent pathways. 
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Discussion
The major finding of the present study is that uPAR induction in MDA-MB-231 human breast cancer cells under hypoxia depends on the ERK signaling pathway, and which is regulated by the iNOS/NO pathway. Moreover, iNOS and NO had an effect on uPAR induction under hypoxia through both an ERK dependent and an ERK independent pathway (Figure 3) .
Many studies have shown that hypoxia increases cancer cell invasion and metastasis in various tumor types via the upregulation of the uPA/uPAR signal transduction pathway [2-4, 7, 34] . The uPAR gene promoter is known to possess three HIF-1α binding sites and to be activated by HIF-1α under hypoxic stress [2] . However, the roles of ERK and iNOS/NO signaling in the modulation of uPAR are not well understood.
The roles that NO plays in various tumors remain controversial and prompts the question "friend or foe". Some reports have found that NO is cytotoxic [35] [36] [37] , whilst others have shown that it possesses protective properties against reactive oxygen species (ROS) [38, 39] . Thus, NO probably plays a dual role that depends on its intratumoral concentration and exposure duration. Patients with iNOS positive breast carcinomas were found to have significantly poorer overall survival rates than those with iNOS negative tumors [23] . Moreover, in iNOS knock out mice mammary gland tumor latency was found to be increased, suggesting that NO production in vivo promotes mammary tumor formation [31] . In other models, NO was found to promote murine mammary gland tumor growth and metastasis by stimulating tumor cell migration, invasiveness and angiogenesis [22, 30] , which are processes that require the sequential activations of nitric oxide synthase, guanylate cyclase and mitogen-activated protein kinase [24] . However, those studies were done in normoxic states, and it was suggested that iNOS and NO have different roles in tumor invasion and metastasis and that these are determined by oxygen tension [40, 41] . Moreover, most tumors develop central necrosis and hypoxic regions if they grow beyond a certain size due to inadequate vascularization [1] . Study in the hypoxic state may reflect the physiologic condition of cancer. The present study utilized human MDA-MB-231 breast cancer cells under hypoxic conditions, and showed that protective roles of iNOS/NO system in human MDA-MB-231 breast cancer cells are via the down-regulation of ERK expression and consequently the inhibition of uPAR induction. cGMP and PKG are well known second messengers iNOS/NO [24, 33, 40, 42] , as may be cytochrome C oxidase in cellular mitochondria [38, 43] . Graham et al. studied the influence of NO on tumor cell invasiveness in MDA-MB-231 cells under hypoxic states [3] , and showed that NO reduced uPAR induction under hypoxic states in a cGMP dependent manner. However, the manner in which cGMP reduces uPAR signaling under hypoxic states has not been defined. Our study is the first study to find that iNOS/NO inhibits uPAR induction via an ERK dependent pathway in human MDA-MB-231 breast cancer cells exposed to hypoxic states, which might reduce the invasiveness and metastatic potential of breast cancer. Other studies have also found that the ERK pathway is activated under hypoxic stress [28, 29] . Phosphorylation of ERK was reported to be more extensive in hypoxic human prostate cancer cells than in normoxic cells [11] . A study also showed that NO inhibited the phosphorylation of ERK via cGMP mediated interference of the ras/raf pathway [44] , and another that NO and cGMP mimetic drugs inhibited elastase activity in vascular smooth muscle cells [42] .
The present study also shows that iNOS/NO suppressed 
Cancer invasion and metastasis Figure 3 Schematic diagram of the uPA-uPAR regulatory system. It is well known that hypoxia increases the invasion and migration of malignant tumor cells by activating uPA/uPAR signaling via HIF-1α transcription [2-4, 7, 34] . NO and its metabolites produced by iNOS are important products of hypoxic stress [17] [18] [19] [20] , and ERK activation is known to be needed for HIF-1α stabilization [28, 29, 45] and HIF-1α activation [29] . In the present study shows that uPA/uPAR signaling was modulated by the ERK and iNOS/NO pathways in human MDA-MB-231 cells under hypoxic stress. Hypoxia induced uPAR expression in human MDA-MB-231 breast cancer cells, and uPAR expression under hypoxia in MDA-MB-231 cells depends on the phosphorylation of ERK. iNOS/NO signaling blocks uPAR expression in MDA-MB-231 cells via ERK dependent and independent pathways. The effect of iNOS/NO on HIF-1α is controversial [18-20, 34, 43] .
www.cell-research.com | Cell Research [45] , and ROS have also been found to increase tumorigenesis and tumor invasion and metastasis [39, 46] . The iNOS/NO signal competes with oxygen to bind cytochrome c oxidase, which could decrease ROS generation [38] . A key objective of our research is to understand changes in uPA and uPAR expression and their regulation under hypoxic conditions, since the majority of cancers grow in such an environment [1, [7] [8] [9] . In the present study, uPAR expression was increased under hypoxic stress, which concurs with the study of Graham et al. which showed that hypoxia stimulates carcinoma cell invasiveness via the upregulation of urokinase receptor expression [2, 3] . In our study, uPA activity (as measured by gel zymography) was modestly induced in hypoxic conditions, and uPAR was markedly induced, which suggests that an up-regulated uPA-uPAR system in hypoxia is due to both uPAR upregulation and increased uPA activity.
In endothelial cells of the porcine aorta, hypoxia activated ERK and NAD(P)H oxidase, and triggered a burst of ROS [45] , and the uPA-uPAR system was also found to influence the activation of ERK, such that ERK and the uPA-uPAR system formed a positive feedback loop [8, 26, 27] . Moreover, ERK has been reported to be a key regulator of tumor cell proliferation, invasion and metastasis via the ROS pathway and matrix metalloproteinase [47, 48] and the ERK pathway was found to be activated upon exposure to hypoxia [28, 29, 45] . Moreover, hypoxia induced uPAR up-regulation was inhibited by the specific MEK 1/2 inhibitor, PD98059, in human prostate cancer cells [11] .
These findings caused us to believe that ERK activation could be a main regulator of the uPAR system in the MDA-MB-231 human breast cancer cell line under hypoxic stress. Indeed, ERK phosphorylation was upregulated under hypoxia, and PD98059 markedly decreased uPAR expression. These results show that hypoxia can induce uPAR through ERK activation. Our results demonstrate for the first time that under hypoxic conditions the ERK signaling pathway is an upstream regulator of the uPAR system in human MDA-MB-231 breast cancer cells. In addition, ERK phosphorylation is known to be required both for HIF-1α stabilization [28, 29, 45] and the HIF-1α activation of transcriptional activity [29] . Therefore, it is possible that HIF-1α has both an indirect influence on the uPA-uPAR system via the ERK signaling pathway and a direct influence on uPAR by binding its transcription region.
We suggest that the activation of ERK could result in uncontrolled tumor proliferation and invasion via the uPAuPAR system in human MDA-MB-231 breast cancer cells under hypoxic stress. NO and iNOS have an inhibitory effect on the uPA-uPAR system by inhibiting ERK phosphorylation in MDA-MB-231 breast cancer cells exposed to hypoxic stress. Conclusively, our data provide evidence; 1) that hypoxia-induced uPAR expression in human MDA-MB-231 cells depends on ERK phosphorylation; 2) that iNOS/NO signaling inhibits uPAR induction under hypoxic conditions via ERK dependent and independent pathways.
